Introduction
============

Renal cell carcinoma (RCC) is one of the most frequently occurring malignant tumors worldwide. Distinct from other solid malignancies, RCC is highly vascularized and refractory to conventional chemotherapy and radiotherapy. Nevertheless, an improved understanding of the underlying biology of RCC over the past decades has led to the clinical implementation of novel therapeutic strategies. Notably, RCC, especially clear-cell renal cell carcinoma, is characterized by various hotpot inactive mutations of the *VHL* gene in up to 70% of cases. These mutations result in the persistent accumulation and activation of HIF-1α, which increases the production of pro-angiogenic factors such as VEGF [@B1]. In addition, the transcription and translation of HIF-1α can be regulated by the mTOR pathway in a *VHL*-independent fashion [@B2], [@B3]. These insights provide a sound basis for the perturbation of the critical HIF-1α/VEGF axis in RCC through the blockade of VEGF/VEGFR signaling in endothelial cells or mTOR signaling in cancer cells, respectively [@B4], [@B5].

Indeed, the current targeted therapies aimed at VEGF/VEGFR or mTOR inhibition have witnessed more considerable advances in the clinical treatment of RCC patients than former standard cytokine-based immunotherapies [@B6]-[@B8]. However, the overall clinical results are modest because only prolonged progression-free survival, but not complete or sustained responses was demonstrated [@B9]-[@B12]. Furthermore, the inherent occurrence of primary and acquired resistance has been observed in clinical settings [@B13]-[@B15]. Therefore, to compensate for these limitations, the identification of new subtypes and alternative therapeutic options for RCC is urgently needed. To this end, comprehensive genomic and epigenomic aberrations in RCC patients were investigated to identify potential driving targets for further therapy [@B16], [@B17]. Intriguingly, several unusual somatic mutations in *PBRM1* (\~50%)*, BAP1* (\~15%) and *SETD2* (\~15%), which rarely occur in other solid tumors, were recently reported in RCC patients [@B18]-[@B20]. However, tremendous effort may be required to validate their biological contributions to RCC and develop specific inhibitors that can be translated into clinical applications.

In this study, to bridge the gap between clinical requirements and drug development, we directly profiled the efficacy of available clinical agents in RCC cells to seek candidates that might be suitable for clinical practice. Strikingly, we discovered that dasatinib, a multi-target kinase inhibitor, is a potent agent that suppressed the proliferation of all tested RCC cells. Interestingly, we found that YAP served as a key downstream effector of dasatinib to control cell viability through the inhibition of Src and subsequently through the JNK-LIMD1-LATS pathway. In addition, we found that the alteration of p-YAP could be considered as a potential responsive biomarker to dictate the pharmacological effects of dasatinib in sensitive RCC cells.

Methods
=======

Cell lines and reagents
-----------------------

Caki-1, 769-P, ACHN, 786-O, A498 and OS-RC-2 cells used in this study were obtained from American Type Culture Collection (ATCC) and authenticated by short tandem repeat (STR) testing at Genesky Biopharma Technology (Shanghai, China). Cells were maintained in appropriate culture medium, as suggested by the suppliers.

Dasatinib was obtained from LC Laboratories (Woburn, MA), and the other inhibitors were obtained from Selleck Chemicals (Shanghai, China). All reagents were dissolved in DMSO for *in vitro* studies. Dasatinib was dissolved in 0.5% CMC-Na for *in vivo* studies.

DNA plasmid construction, virus production and infection
--------------------------------------------------------

DNA plasmids pDONR223-Src (\#23934), pDONR223-Yes (\#23938), pBABE-YAP (\#15682) and pcDNA3-HA-TAZ (\#32839) were obtained from Addgene (Cambridge, MA). The retroviral constructs pBABE-Src, pBABE-Yes and pBABE-TAZ were constructed using recombinant polymerase chain reaction and subsequently subcloned into the pBABE-puro vector. pBABE-Src-T341I, pBABE-Yes-T348I, pBABE-YAP-5SA and pBABE-TAZ-4SA were constructed with a site-directed mutagenesis kit (Sbsbio, Shanghai, China).

For virus production and infection, the plasmids were transfected into amphotropic Phoenix 293T packaging cells at 60% confluence using Lipofectamine 2000 (Invitrogen, Grand Island, NY) according to the manufacturer\'s instructions. After an additional 48 h incubation, the supernatant was collected, filtered using a 0.45 μm filter (Millipore, Cork, Ireland), and used to infect host Caki-1 or 769-P cells in the presence of 6 μg/mL polybrene (Millipore). The resultant stable polyclonal populations of infected cells were then selected with 1 μg/mL puromycin (Sigma, St. Louis, MO) for two weeks, followed by validation by immunoblotting.

RNA interference
----------------

Cells were seeded in 6-well or 96-well plates at 30% confluence. After 24 h, cells were transfected with the indicated siRNA oligonucleotides using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer\'s instructions. Then, the cells were cultured for 72 h and harvested either for cell viability assays or for immunoblotting analysis. The target sequences of siRNA oligonucleotides are as follows: siSrc\#1: 5\'-GAGAACCUGGUGUGCAAAG-3\', siSrc\#2: 5\'-CAGUUGUAUGCUGUGGUUU-3\', siYAP\#1: 5\'-GGTCCTCTTCCTGATGGAT-3\', siYAP\#2: 5\'-GACCAATAGCTCAGATCCTTT-3\', siTAZ\#1: 5\'-GACAUGAGAUCCAUCACUA-3\', siTAZ\#2: 5\'-GGACAAACACCCAUGAACA-3\'. The customized pre-designed genOFF™ RNAi library used in this study was obtained from RiboBio (Guangzhou, China).

Luciferase reporter assay
-------------------------

Caki-1 cells were seeded in 96-well plates at 60% confluence. After 24 h, cells were co-transfected with 0.2 μg of 8×GTIIC-Luciferase (\#34615, Addgene) and 2 ng of Renilla luciferase per well using Lipofectamine 2000 (Invitrogen). Compounds were dispensed into each well 6 h after transfection. Then, the cells were cultured for 24 h, and cell lysates were examined for firefly luciferase activity and Renilla luciferase activity with the Dual-Luciferase Reporter Assay Kit (Promega, Beijing, China). Relative transcriptional activity = Firefly Luciferase / Renilla Luciferase.

Animal studies
--------------

Four- to six-week-old nu/nu female athymic BALB/c mice were obtained from the Shanghai Laboratory Animal Center, Chinese Academy of Sciences (Shanghai, China). All studies were performed in compliance with the guidelines set forth by the Institutional Animal Care and Use Committee of Shanghai Institute of Materia Medica. Tumors were generated by transplanting 5×10^6^ Caki-1 cells re-suspended in PBS (200 μL/mouse) into the right flank. Prior to treatment initiation, mice were randomized among control and treated groups (n = 6 per group). Mice bearing Caki-1 cells were administered the indicated doses of dasatinib once a day for 21 days, and their body weights and tumor volumes were measured every three days. To prepare lysates, the mice were sacrificed, and tumor tissues were resected and homogenized in cold RIPA lysis buffer (Beyotime) supplemented with protease and phosphatase inhibitors (Merck) and processed for immunoblotting analysis.

Animal studies using patient-derived xenograft (PDX) models were conducted by WuXi AppTec and Crown Bioscience and in strict accordance with the Guide for the Care and Use of Laboratory Animals set forth by the National Institutes of Health (NIH).

Statistics
----------

The data are presented as the mean ± SD. Differences between experimental groups were analyzed using the unpaired two-tailed Student\'s t test analysis. *P* \< 0.05 was considered significant. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. All statistical analyses were performed using GraphPad Prism software (San Diego, CA).

Results
=======

Dasatinib specifically inhibits RCC cell proliferation
------------------------------------------------------

To initiate this study, we profiled the sensitivity of a focused panel of Food and Drug Administration (FDA)-approved kinase inhibitors across 6 RCC cell lines, aiming to identify novel therapeutic options for RCC treatment. Intriguingly, dasatinib, an orally available multi-target kinase inhibitor originally used in chronic myelogenous leukemia (CML) patients, emerged as the most potent agent capable of suppressing the proliferation of all RCC cells tested, with the IC~50~ values ranging from 40 nM to 1 μM (**Figure [1](#F1){ref-type="fig"}A**). Likewise, dasatinib treatment strongly inhibited the colony formation of RCC cells (**Figure [S1](#SM0){ref-type="supplementary-material"}A**). Interestingly, when expanding such analysis to a collection of cell lines originated from different source of solid tumors, RCC still represented as the relatively most sensitive tumor type among them (**Figure [1](#F1){ref-type="fig"}B**). These data implied the potential clinical application of dasatinib in RCC.

Then, two most sensitive RCC cell lines (Caki-1 and 769-P) were selected to investigate the biological effects of dasatinib induced proliferation inhibition. To this end, we treated Caki-1 and 769-P cells with dasatinib for 24 h and then performed global transcriptional gene expression analysis using microarray. Bioinformatics analysis demonstrated that cell cycle progression was the most down-regulated pathway modulated by dasatinib (**Figure [1](#F1){ref-type="fig"}C**). Therefore, we measured cell cycle distribution and found that 0.1 μM and 1 μM dasatinib significantly induced G1-S phase arrest in both cell lines, as determined by propidium iodide (PI) staining and evidenced by the decreased expression of phospho-RB and Cyclin D1 (**Figure [1](#F1){ref-type="fig"}D** and **Figure [S1](#SM0){ref-type="supplementary-material"}B**). In line with this observation, DNA synthesis was largely reduced following dasatinib treatment as determined by *in situ* EdU incorporation staining (**Figure [1](#F1){ref-type="fig"}E**). In addition, no accumulation of apoptosis was observed (data not shown), suggesting the cytostatic role of dasatinib in RCC cells.

Taken together, these data revealed that RCC is sensitive to dasatinib treatment through proliferation inhibition triggered by obvious G1-S phase arrest.

Dasatinib exerts its anti-proliferative effects through the inhibition of YAP activity
--------------------------------------------------------------------------------------

Over the past decade, multiple clinical trials have been carried out to evaluate the application of dasatinib in solid tumors. However, the overall clinical outcome of dasatinib has been quite disappointing, which might stem from a lack of sensitivity, as we observed in this study (**Figure [1](#F1){ref-type="fig"}B**). By contrast, most of the RCC cells we tested were relatively sensitive to dasatinib, which spurred us to explore the underlying molecular mechanisms in this setting. To do so, we treated Caki-1 and 769-P cells with dasatinib for 6, 12 and 24 h and used a microarray to analyze gene expression changes. Surprisingly, we noticed that several known targets of the Hippo pathway, such as CTGF, Cyr61, and AJUBA [@B21], [@B22], ranked among the top 10 most down-regulated genes modulated by dasatinib (**Figure [2](#F2){ref-type="fig"}A**). Meanwhile, gene set enrichment analysis (GSEA) annotation further confirmed the down-regulation of conserved YAP target genes in dasatinib-treated cells (**Figure [2](#F2){ref-type="fig"}B**), indicating the involvement of the Hippo pathway in mediating growth arrest after dasatinib treatment.

To test this hypothesis, we first examined whether dasatinib inhibited the activity of YAP/TAZ, two homologous transcriptional co-activators that are the key mediators of the Hippo pathway [@B23]. As expected, dasatinib treatment significantly up-regulated the canonical serine phosphorylation of YAP (Ser127) and down-regulated the protein expression of TAZ in RCC cells in a dose-dependent manner (**Figure [2](#F2){ref-type="fig"}C**). Of note, the phosphorylation of YAP promoted its sequestration in the cytoplasm and decreased its binding to TEAD, which subsequently attenuated TEAD-dependent transcriptional activity (**Figure [2](#F2){ref-type="fig"}D-F** and **Figure [S2](#SM0){ref-type="supplementary-material"}A**). In accordance, the expression of YAP target genes, such as Cyr61, was inhibited at both the mRNA and protein levels (**Figure [S2](#SM0){ref-type="supplementary-material"}B-C**). These results demonstrated that the YAP/TAZ-dependent transcriptional program was dramatically blocked by dasatinib treatment.

Then, we proceed to ascertain whether YAP/TAZ determines the therapeutic response of RCC cells to dasatinib. To this end, we first directly depleted YAP and TAZ expression using siRNAs to test whether their inhibition can mimic the effect of dasatinib. Obviously, either disruption of YAP or TAZ yielded a significant decrease in cell survival (**Figure [2](#F2){ref-type="fig"}G** and **Figure [S2](#SM0){ref-type="supplementary-material"}D**), along with reduced EdU incorporation (**Figure [S2](#SM0){ref-type="supplementary-material"}E**). Based on this, we further constructed YAP-5SA and TAZ-4SA mutants, the constitutively activated forms of YAP and TAZ, respectively, in Caki-1 cells. We found that dasatinib-induced p-YAP alteration, downstream target gene expression and the final growth inhibition were largely rescued in YAP-5SA mutant cells (**Figure [2](#F2){ref-type="fig"}H-I** and **Figure [S2](#SM0){ref-type="supplementary-material"}F**). Strikingly, however, similar results were not obtained in TAZ-4SA mutant cells, suggesting its redundancy with respect to dasatinib sensitivity (**Figure [S2](#SM0){ref-type="supplementary-material"}G-I**). In agreement with this observation, p-YAP was consistently up-regulated in almost all RCC cell lines we tested (**Figure [2](#F2){ref-type="fig"}J**). In addition, we also excluded the engagement of tyrosine phosphorylation of YAP in the therapeutic determination of dasatinib in RCC cells because the YAP-3YE mutant didn\'t rescue the effect of dasatinib despite its uncertain down-regulation observed upon dasatinib treatment (**Figure [S2](#SM0){ref-type="supplementary-material"}J-L**).

Taken together, these findings clearly clarified that the canonical transcriptional activity of YAP is essential to determine the therapeutic response of dasatinib in RCC cells.

Dasatinib inhibits Src kinase to impair YAP activity in RCC cells
-----------------------------------------------------------------

Given that dasatinib is a multi-target kinase inhibitor, we thus sought to identify its predominant target in RCC cells and the corresponding converged signal pathway that regulates YAP activity, which will be helpful for selecting appropriate patients in the clinic in future. To address this, we conducted a KinaseProfiler^TM^ screening analysis (**Table [S1](#SM0){ref-type="supplementary-material"}**, 316 human kinases were involved) and mined the literature (including phosphoproteomics data to classify dasatinib binding kinases) to find the converged spectrum of kinases that are both targeted and inhibited by dasatinib [@B24]-[@B27]. As a result, a total of 41 selected kinases were evaluated for target identification in RCC by treating Caki-1 and 769-P cells with a customized pre-designed genOFF™ RNAi library. The results of RNAi screening demonstrated that the inhibition of Src showed the strongest ability to decrease cell viability and inhibit DNA replication in RCC cell lines, similar to that of dasatinib treatment (**Figure [3](#F3){ref-type="fig"}A-B** and **Figure [S3](#SM0){ref-type="supplementary-material"}A**). Strong proliferation inhibition was also observed when treating Caki-1 and 769-P cells with AZD0530, another putative Src kinase inhibitor (**Figure [S3](#SM0){ref-type="supplementary-material"}B**). In addition, the phosphorylation of Src kinase was consistently inhibited by dasatinib in all tested RCC cell lines (**Figure [3](#F3){ref-type="fig"}C**). These data suggested that Src might be the most relevant target of dasatinib in RCC cells.

To test this possibility, we further confirmed the role of Src kinase in governing cell survival and therapeutic response to dasatinib. We found that the ability of dasatinib to decrease Src phosphorylation and, accordingly, cell viability in Caki-1 and 769-P cells was largely relieved by the generation of a Src-T341I gatekeeper mutant, which abolished the ATP binding pocket of Src (**Figure [3](#F3){ref-type="fig"}D-E**). Nevertheless, the modulation of Yes, the closest homolog to Src, had only marginal effects on cell survival and sensitivity to dasatinib (**Figure [S3](#SM0){ref-type="supplementary-material"}C-E**).

Next, we sought to determine whether dasatinib-induced inhibition of YAP activity was directly mediated by Src kinase inhibition. Indeed, siRNA-mediated knockdown of Src expression resulted in significant induction of serine phosphorylation and cytoplasmic sequestration of YAP (**Figure [3](#F3){ref-type="fig"}F-G**). Meanwhile, the dasatinib-induced phosphorylation of YAP was reversed in cells harboring the Src-T341I mutant kinase (**Figure [3](#F3){ref-type="fig"}H**). However, in HCC827 and H1975 cell lines, which were sensitive to dasatinib via targeting of EGFR instead of Src, we did not observe an up-regulation of p-YAP after dasatinib treatment or even EGFR disruption (**Figure [S3](#SM0){ref-type="supplementary-material"}F-H**). This observation indicated a tightly controlled Src-YAP signaling axis impacted by dasatinib in RCC.

Together, these data implied that Src kinase is the bona fide target of dasatinib in RCC cells, whose inhibition contributes to the silencing of YAP transcriptional activity.

Dasatinib inhibits YAP activity via a Src-JNK-LIMD1-LATS-dependent pathway
--------------------------------------------------------------------------

Next, we attempted to elucidate how dasatinib modulates YAP activity through Src inhibition. It was recently reported that Src can bind to YAP and regulate its activity directly [@B28]. Intriguingly, the co-immunoprecipitation results demonstrated that YAP was not regulated by direct Src binding (**Figure [S4](#SM0){ref-type="supplementary-material"}A**). Thereafter, we treated Caki-1 cells with dasatinib to test whether the up-stream regulators of YAP in the conventional Hippo pathway were involved. Interestingly, we found that the phosphorylation of LATS1 (Thr1079) was significantly up-regulated and YAP phosphorylation was dramatically relieved by the disruption of LATS1/2 before dasatinib treatment (**Figure [4](#F4){ref-type="fig"}A-B**). However, similar results were not observed for MST1/2 (**Figure [S4](#SM0){ref-type="supplementary-material"}B**), indicating that the regulation of YAP activity is LATS, but not MST, dependent. These findings, together with the identification of Src kinase, raised a possibility that Src, instead of the typical MST1/2, is the specific up-stream regulator of LATS-YAP signaling in RCC cells. In line with this speculation, a recent study reported that Src regulates the serine phosphorylation of YAP via direct tyrosine phosphorylation of LATS [@B29]. However, our data showed that, although dasatinib somehow inhibited the tyrosine phosphorylation of LATS1, the up-regulation of p-YAP could not be abolished by transfection of LATS1-2YF into Caki-1 cells, excluding its involvement (**Figure [S4](#SM0){ref-type="supplementary-material"}C-D**).

We then sought to examine other signal molecules that are involved in the modulation of LATS and YAP phosphorylation by Src kinase in RCC cells. Intriguingly, the previously reported Src-PI3K-PDK1 signaling did not participate as their inhibition failed to induce upregulated phosphorylation of LATS and YAP (**Figure [S4](#SM0){ref-type="supplementary-material"}E**) [@B30]. The AKT, MAPK and STAT pathways are the other well-documented down-stream components that are regulated by Src signaling to control cell proliferation [@B31], [@B32]. To test their involvement, we firstly treated RCC cells with dasatinib and evaluated the inhibition of these pathways. The results demonstrated that treatment with dasatinib caused marked down-regulation of the AKT and MAPK pathways (including ERK, JNK and P38), while the STAT pathway remained intact (**Figure [4](#F4){ref-type="fig"}C**). Then, we introduced inhibitors of the AKT (MK2206), MEK (AZD6244), JNK (JNK-IN-8, a covalent inhibitor of JNK) and P38 (Skepinone-L) pathways in Caki-1 cells and investigated which of these contributed to the activation of LATS and YAP phosphorylation. Strikingly, only inhibition of the JNK pathway caused an obvious up-regulation in LATS and YAP phosphorylation, similar to the effects observed after Src inhibition (**Figure [4](#F4){ref-type="fig"}D**). Meanwhile, JNK inhibition significantly suppressed cell growth, as expected (**Figure [4](#F4){ref-type="fig"}E**).

In addition, the up-regulation of LATS and YAP phosphorylation by JNK inhibition was effectively reversed by pretreatment with anisomycin, an activator of JNK signaling (**Figure [4](#F4){ref-type="fig"}F**). The marked reduction of JNK phosphorylation and subsequent up-regulation of LATS phosphorylation caused by dasatinib treatment were largely abolished in Caki-1 cells harboring the Src-T341I mutation (**Figure [4](#F4){ref-type="fig"}G**), suggesting that the JNK pathway is a downstream mediator of Src kinase that regulates LATS and YAP. It was reported that JNK signaling inhibits the tumor-suppressive activity of LATS via promoting the binding of LATS to its negative regulator LIMD1. In agreement with these findings, a significant diminishment in the binding of LATS and LIMID1 was observed in dasatinib-treated Caki-1 cells (**Figure [4](#F4){ref-type="fig"}H**).

In conclusion, these data revealed that the activity of YAP is mainly modulated through a Src-JNK-LIMD1-LATS signaling cascade in dasatinib-treated RCC cells.

YAP activity indicates the therapeutic response to dasatinib in RCC cells *in vivo*
-----------------------------------------------------------------------------------

The above results have demonstrated the critical role of YAP in mediating growth inhibition by dasatinib through a Src-JNK-LIMD1-LATS-dependent pathway in RCC cells. Functional downstream effectors that determine cell survival, such as BIM and c-Myc, have been considered effective biomarkers to indicate therapeutic response and resistance of kinase inhibitors [@B33]-[@B35]. Thus, we attempted to determine whether modulation of YAP activity is indicative of the biological effects of dasatinib in RCC cells, *in vivo* in particular.

We first tested this possibility using cell line-based xenograft models. Mice bearing Caki-1 xenografts were treated with dasatinib at 25, 50 or 100 mg/kg once a day for 21 consecutive days. Tumor volume was examined every 3 days, and intratumoral expression of the Src-YAP signaling axis was detected after the mice were sacrificed. As expected, dasatinib treatment significantly suppressed tumor growth *in vivo* at all doses tested (**Figure [5](#F5){ref-type="fig"}A**). In agreement with the observations obtained in RCC cells, intratumoral phosphorylation of Src and YAP was profoundly affected after dasatinib treatment (**Figure [5](#F5){ref-type="fig"}B**), indicating the ability of dasatinib to combat tumor growth via modulation of the Src-YAP signaling axis.

Next, we moved to patient-derived xenograft (PDX) models, which highly mirror the clinical conditions of patients, especially the genetic heterogeneity and tumor microenvironment [@B36]. We selected 4 RCC PDX models and treated with dasatinib at 50 mg/kg once a day for 21-28 consecutive days. Among them, we found that two models, namely KI0047 and KI0060, were sensitive to dasatinib treatment. Similar to the observations obtained in the Caki-1 model, dasatinib treatment significantly affected the phosphorylation of Src and YAP, as expected (**Figure [5](#F5){ref-type="fig"}C-D**). Conversely, we observed loss of up-regulation of YAP phosphorylation in another two models (KI0025 and KI0326) that showed *de novo* resistance to dasatinib treatment, despite the conserved blockade of Src signaling (**Figure [5](#F5){ref-type="fig"}E-F**). The distinct role of YAP activity was further confirmed by immunohistochemistry staining (**Figure [S5](#SM0){ref-type="supplementary-material"}**). Collectively, these findings strongly support that p-YAP alteration might indicate the therapeutic response/resistance to dasatinib, which could serve as a response biomarker for RCC patients who receive dasatinib treatment in the clinic.

Discussion
==========

To obtain a deeper insight into the response toward kinase inhibitors in molecular targeted therapies, a thorough map elucidating the mechanism of kinase inhibition-induced growth arrest might be necessary. Our study revealed that dasatinib targeted Src kinase directly and thereby triggered a JNK-LIMD1-LATS signaling cascade to down-regulate a YAP-mediated transcriptional program responsible for the viability of RCC cells (**Figure [6](#F6){ref-type="fig"}**). Our findings thus paved the way for the application of dasatinib as a novel therapeutic option for RCC patients, which should be taken into consideration for further clinical investigation.

Alternatively, YAP has been regarded as an appealing target for cancer therapy thanks to its critical role in tumor development and progression. However, as YAP is a transcriptional coactivator without known catalytic activity, direct therapeutic intervention against YAP activity appears unachievable now [@B37]. In contrast, our findings in this study offer an alternative approach to disrupt YAP activity through the indirect modulation of its upstream regulators, such as Src kinase. Indeed, if the corresponding kinase-YAP axis paradigm is established, it will help us discover more inhibitors that block YAP activity and better understand the biological mechanisms of kinases in cancer biology in subgroups of YAP-dominated tumors.

In summary, we propose that cells that rely on the tightly controlled Src-YAP axis for survival may confer sensitivity to dasatinib and that this axis should be considered a powerful predictive biomarker for the enrollment of patients for treatment. In addition, we suggest that the induction of YAP phosphorylation might be regarded as a potential response biomarker to indicate and monitor the clinical effectiveness of dasatinib. Hence, the coming challenge lies in two aspects. First is the clinical stratification of patient subgroups, of RCC patients in particular, that are co-addicted to the Src-YAP axis. To address this issue, we believe that the hyper-activation of the Src-YAP axis, where p-Src is high while p-YAP is low, should be first detected and confirmed in clinical samples. The second issue is how to facilitate the detection of YAP phosphorylation in the clinic. While the serial collection of patient biopsies appears unreasonable, it is imperative to develop alternative strategies to aid clinical detection. Considering that YAP phosphorylation status is closely correlated to its transcription activity and subsequent target gene expression, we suppose that monitoring its down-stream cytokines, such as CTGF or Cyr61, through blood sampling might be an alternative option in the clinic.
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![**Dasatinib notably suppresses RCC cell survival by inducing G1/S cell cycle arrest. (A)** IC~50~ values of FDA-approved kinase inhibitors in 6 RCC cell lines were assessed using an SRB assay. The data are represented as a heatmap drawn using R. **(B)** IC~50~ values of dasatinib in different solid tumor types were assessed using an SRB assay. Bars, mean ± SD. **(C-E)** Caki-1 and 769-P cells were treated with DMSO or dasatinib for 24 h. The gene expression array was subjected to KEGG pathway analysis (C). Cell cycle distribution was analyzed by flow cytometry. Bars, mean ± SD (D). DNA replication capability was evaluated by EdU incorporation. Scale bar, 300 μm (E).](thnov08p3256g001){#F1}

![**Dasatinib impairs YAP transcriptional activity in sensitive RCC cell lines. (A)** Heatmap representation of the top 20 down- and up-regulated genes (*P* \< 0.001) following dasatinib treatment for 6, 12 and 24 h in Caki-1 and 769-P cells. **(B)** GSEA enrichment plots showing the down-regulation of the YAP_Conserved_Signature gene set in Caki-1 and 769-P cells treated with dasatinib. **(C)** Caki-1 and 769-P cells were treated with dasatinib at the indicated concentration, and YAP/TAZ levels were assessed by immunoblotting. **(D)** Caki-1 cells were treated with dasatinib for 1 h. The cytoplasm and nucleus were separated and subjected to immunoblotting analysis of YAP/TAZ. **(E)** Caki-1 cells were treated with dasatinib for 3 h. Cell lysates were precipitated with YAP or IgG antibodies for co-immunoprecipitation. YAP and TEAD were detected by immunoblotting. **(F)** Caki-1 cells were transfected with either TEAD-Luciferase plasmid (8×GTIIC) or empty vector and co-transfected with Renilla Luciferase as a reference. Then, cells were treated with dasatinib for 24 h. Cell lysates were assayed for luciferase activity. Bars, mean ± SD. \*\*\**P* \< 0.001. **(G)** Caki-1 and 769-P cells were transfected with scramble or YAP siRNAs for 72 h. Cell viability was measured using an SRB assay. Bars, mean ± SD. \*\**P* \< 0.01, \*\*\**P* \< 0.001. **(H-I)** Caki-1 cells stably expressing either empty vector, YAP-WT or YAP-5SA. Cells were treated with dasatinib at 1 μM for 3 h for subsequent immunoblotting (H). Cell viability after dasatinib treatment for 72 h was assessed by SRB assay. Bars, mean ± SD. \*\*\**P* \< 0.001 (I). **(J)** RCC cells were treated with dasatinib at 1 μM for 3 h followed by immunoblotting analysis.](thnov08p3256g002){#F2}

![**Src kinase is the most dominant therapeutic target of dasatinib that regulates YAP activity in RCC cells. (A)** Caki-1 and 769-P cells were treated with a customized pre-designed genOFF™ RNAi library for 72 h. Cell viability was assessed by SRB assay. The mean viability of cells receiving different siRNAs for the same gene was evaluated by Log2 calculation. **(B)** Caki-1 and 769-P cells were transfected with scramble or Src siRNAs. Cell viability was measured using SRB assay. Bars, mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. **(C)** RCC cells were treated with dasatinib at 1 μM for 3 h followed by immunoblotting analysis. **(D-E)** Caki-1 and 769-P cells were stably transfected with retrovirus expressing either empty vector, Src-WT or Src-T341I. The resultant cells were treated with dasatinib (0.1 and 1 μM) for 3 h and the phosphorylation of Src was measured by immunoblotting (D). Cell viability after dasatinib treatment for 72 h was assessed by SRB assay. Bars, mean ± SD. \*\*\**P* \< 0.001 (E). **(F-G)** Caki-1 cells were treated with scramble or Src siRNAs for 72 h and then subjected to immunoblotting with the indicated antibodies (F). The subcellular location of YAP was determined by immunofluorescence. Scale bar, 50 μm (G).**(H)** Caki-1 cells stably expressing either empty vector, Src-WT or Src-T341I were treated with dasatinib for 3 h, and YAP phosphorylation was measured by immunoblotting.](thnov08p3256g003){#F3}

![**The JNK-LIMD1-LATS1 signaling cascade mediates the modulation of YAP following Src inhibition in RCC cells. (A)** Caki-1 cells were treated with dasatinib for 3 h and the regulators of the Hippo pathway were measured by immunoblotting. **(B)** Caki-1 cells were treated with scramble or LATS1/2 siRNAs for 72 h; then, the cells were exposed to DMSO or dasatinib at 1 μM for 1 h and subjected to immunoblotting analysis. **(C)** RCC cells were treated with DMSO or dasatinib at 1 μM for 3 h followed by immunoblotting analysis. **(D-E)** Caki-1 cells were treated with DMSO, dasatinib (0.1 μM), MK2206 (1 μM), AZD6244 (1 μM), JNK-IN-8 (5 μM), and Skepinone-L (10 μM) for 3 h followed by immunoblotting analysis (D) or for 72 h followed by SRB assay to measure cell viability (E). Bars, mean ± SD. \*\*\**P* \< 0.001. **(F)** Caki-1 cells were treated with 1 μM anisomycin for 1 h and then treated with 1 μM dasatinib for 1 h, then subjected to immunoblotting. **(G)** Caki-1 cells stably expressing either empty vector, Src-WT or Src-T341I were treated with dasatinib at 1 μM for 3 h for subsequent immunoblotting. **(H)** Caki-1 cells were treated with DMSO or dasatinib at 1 μM for 3 h. Cells lysates were precipitated with LATS1 or IgG antibodies for co-immunoprecipitation. LIMD1 and LATS1 were detected by immunoblotting.](thnov08p3256g004){#F4}

![**YAP alteration correlates with the sensitivity of RCC cells to dasatinib. (A-B)** Caki-1 xenograft-bearing nude mice were given dasatinib at 25, 50 and 100 mg/kg or vehicle once a day for 21 consecutive days. Tumor volumes were measured every three days and presented as the average tumor volume ± SD (n = 6). \*\*\**P* \< 0.001 (A). Tumor lysates were prepared and subjected to immunoblotting analysis with the indicated antibodies (B). **(C-D)** Nude mice bearing patient-derived KI0047 or KI0060 xenografts were administered either vehicle control or dasatinib (50 mg/kg) once daily for 28 consecutive days (n = 6 for each group). Tumor volumes were measured every three days and presented as the average tumor volume ± SD. \*\**P* \< 0.01, \*\*\**P* \< 0.001 (C). Tumor lysates were prepared and subjected to immunoblotting analysis with the indicated antibodies (D). **(E-F)** Nude mice bearing patient-derived KI0025 or KI0326 xenografts were administered either vehicle or dasatinib (50 mg/kg) once daily for 23 or 21 consecutive days (n = 6 for each group). Tumor volumes were measured every three days and are presented as the average tumor volume ± SD (E). Tumor lysates were prepared and subjected to immunoblotting analysis with the indicated antibodies (F).](thnov08p3256g005){#F5}

![A proposed model illustrating the mechanism whereby dasatinib impacts survival in sensitive or resistant RCC.](thnov08p3256g006){#F6}
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